Objective: Circulating oxidized low-density lipoprotein (oxLDL) levels are elevated in HIV-infected patients and have been associated with atherosclerosis. Statins have been shown to reduce plaque on coronary computed tomography angiography (cCTA) in HIV-infected individuals. Thus, we investigated the effect of statins on serum oxLDL levels and the relationship between changes in oxLDL and coronary atherosclerosis on cCTA in patients with HIV.
Introduction
Cardiovascular disease (CVD) is a major cause of mortality in the HIV population, especially coronary heart disease (CHD) [1, 2] . Even after controlling for traditional CVD risk factors, the risk of myocardial infarction (MI) is about 50% greater in HIV-infected patients than uninfected controls [3, 4] . Moreover, the prevalence of subclinical atherosclerosis measured by coronary computed tomography angiography (cCTA) is greater in HIV-infected patients despite adjusting for traditional risk factors [5, 6] . These data show that HIVrelated mechanisms result in accelerated development of atheromatous lesions, including unstable plaque. Oxidized low-density lipoprotein (oxLDL) is a pro-inflammatory form of low-density lipoprotein (LDL) and thus represents a unifying link between lipids, inflammation, and atherosclerosis. A potential role of oxLDL in relationship to this increased risk of atherosclerosis in HIV-infected individuals is suggested by two studies that have reported higher levels in HIV-infected patients compared with uninfected controls [7, 8] . Given the potentially unique mechanisms of advanced atherosclerosis in HIV, including immune activation and inflammation [9] , further investigation of this pathway among HIV-infected patients is warranted.
OxLDL is thought to play a central role in atherosclerotic development at the vascular intima as it is involved in foam cell generation as well as endothelial and smooth muscle cell dysfunction [10] . Circulating oxLDL levels are about 70 times lower than concentrations within atheromatous lesions [11] but have been associated with atherosclerosis in HIV and non-HIV cohorts. In the general population, circulating oxLDL has been associated with unstable, high-risk atherosclerosis including vulnerable, macrophage-rich carotid lesions [11] , noncalcified coronary plaque on cCTA [12] , acute coronary syndrome [13, 14] , and risk of incident MI or sudden cardiac death [15] . These data from the general population suggest that circulating oxLDL levels in the HIV-infected population may be a useful marker of atherosclerosis, especially unstable plaque that results in MI, but little is known regarding the relationship of oxLDL to plaque in the HIV population. In one HIVinfected cohort, a cross-sectional study reported a significant correlation between oxLDL and the prevalence of subclinical atherosclerosis measured by carotid intima-media thickness [16] . Whether reductions in oxLDL are associated longitudinally with improvements in CHD in patients with HIV, however, remains unknown.
Statins have been shown to lower oxLDL levels in the general population [17] . However, data in HIVare limited to a single abstract that suggested an effect of rosuvastatin on oxLDL, but change in coronary plaque was not measured [18] . In a 12-month randomized, placebo-controlled trial in antiretroviral therapy (ART) treated HIV-infected individuals, we previously reported significant reductions with atorvastatin in noncalcified plaque volume, total plaque volume, positively remodeled plaque, and low attenuation plaque on cCTA [19] , findings which have all been associated with culprit lesions in acute coronary syndrome [20] . These reductions were not significantly associated with decreases in LDL. Thus, the primary goal of this study was to examine the effects of atorvastatin on circulating oxLDL levels in our HIV-infected study population and investigate whether observed changes in coronary atherosclerosis on cCTA related to changes in serum oxLDL. We hypothesized that atorvastatin would lower circulating oxLDL levels and that reductions in oxLDL would be related to decreases in coronary artery lesions on cCTA, especially in plaques with high-risk morphologic characteristics that have been associated with acute MI. To our knowledge, this is first investigation relating change in oxLDL to coronary plaque in the context of statin therapy. Our data suggest that change in oxLDL relates strongly to changes in coronary plaque, independent of LDL, in HIV-infected patients receiving statin therapy, thus extending our knowledge of the potential mechanisms of CVD and of the effects of statins in the HIV population.
Methods

Study design
We previously conducted a randomized, double-blind, placebo-controlled clinical trial between 13 November 2009 and 13 January 2014, as previously reported [19] . We recruited 40 men and women with HIV on stable ART, no prior history of CVD or cardiac symptoms, LDL cholesterol between 70 and 130 mg/dl, and evidence of subclinical coronary atherosclerosis on cCTA as previously defined [19] . Patients were randomized in 1 : 1 ratio to either atorvastatin (starting at a dose of 20 mg per day and escalating to 40 mg per day at 3 months if study drug was well tolerated) or placebo for 12 months. All participants provided written informed consent, and the study was approved by the institutional review board. The trial is registered on ClinicalTrials.gov (NCT00965185).
Coronary computed tomography angiography protocol and analysis ECG-gated cCTA was performed on a Somatom Definition Flash 128-slice dual source CT (Siemens Medical Solutions, Forchheim, Germany) according to a standardized protocol [19, 21] at enrollment and at 1-year follow-up. Assessment of coronary plaque was performed by an experienced cardiac radiologist blinded to clinical data and randomization. Coronary plaque volume (calcified, noncalcified and total) as well as high-risk plaque features including low attenuation (<40 Hounsfield units) plaque and positive remodeling of the vessel wall (ratio of plaque to reference segment outer diameter > 1.05) were assessed for each coronary segment as previously described [19] .
Lipid, inflammatory, metabolic, and biochemical assessments All blood samples were drawn after a 12-h fast. Serum oxLDL was measured by enzyme-linked immunosorbent assay (ELISA) (Mercodia, Uppsala, Sweden). The intra and inter-assay variability were 6.3 and 4.7%, respectively. Soluble CD163 (Trillium Diagnostics, intra-assay variability 3-6% and inter-assay variability 5-8%) and soluble CD14 (R&D Systems, intra-assay variability 4.8-6.4% and inter-assay variability 4.8-7.4%) were measured by ELISA. Direct LDL, total cholesterol, high-density lipoprotein (HDL), triglycerides, glucose, hemoglobin A1c, and lipoprotein-associated phospholipase-A 2 (Lp-PLA 2 ) were measured as previously described [19] .
Immune function Current CD4 þ T-cell count and viral load data were obtained, but documentation of nadir CD4 þ cell count was not available for this study.
Statistical analysis
Mean and 95% confidence intervals (CI) are reported to describe changes in continuous variables with normal distribution, and otherwise, median (IQR) are used. Comparisons between groups (atorvastatin vs. placebo) were performed using the Student's t-test for normally distributed continuous variables and the Wilcoxon ranksum test for non-normally distributed continuous variables. Intention to treat analysis was carried out for between group comparisons using all obtainable data including the last available value for those who did not complete the study. For investigation of bivariate linear relationships between two continuous variables, a Pearson's correlation coefficient was assessed when both variables were normally distributed. Otherwise, a Spearman's rank correlation coefficient was determined.
Multivariate regression modeling was performed to examine the effects of change in oxLDL on change in noncalcified plaque volume while controlling for baseline CD4 þ cell count, log viral load, and 10-year estimated Framingham risk -a composite score of traditional CVD risk factors known to affect plaque, as well as secondary models additionally including change in direct LDL with and without change in HDL. As LDL and oxLDL are collinear, partial correlation coefficients were also assessed to determine respective partial relationships of oxLDL and LDL to noncalcified plaque volume. As change in Lp-PLA 2 is likely an intermediary variable along the causal biological pathway of oxLDL's effects on plaque, regression modeling including these two variables simultaneously was not performed. Statistical tests with two-tailed P < 0.05 were considered significant. All statistical analyses were performed using SAS JMP and SAS (SAS Institute Inc., Cary, North Carolina, USA).
Results
Study population
Eighty-one HIV-infected patients were screened and 40 were enrolled and assigned to receive atorvastatin (n ¼ 19) or placebo (n ¼ 21), as previously reported [19] . The groups were similar at baseline ( Table 1 ). In the overall cohort, the mean age was 51 years with a 10-year Framingham risk estimate of 6.1%. The majority were male, white, and nonsmokers. All patients were on ART Oxidized low-density lipoprotein and plaque in HIV Nou et al. 585 for an average duration of 11-12 years, and most had undetectable viremia. At baseline, there were no discernible differences in oxLDL, Lp-PLA 2 , lipids, monocyte/macrophage activation markers, or plaque characteristics between the two groups ( Table 2) . Discontinuation rates were similar with one patient that self-discontinued in the placebo group and two patients that were lost to follow-up in the atorvastatin group as previously described [19] . Adherence to treatment was determined by pill count and was similar between groups with an overall compliance of more than 90%. Patients were increased from 20 to 40 mg as per protocol at 3 months, after which one patient in the atorvastatin group required a dose reduction to 10 mg a day and one patient in the placebo group had a dose reduction to 20 mg a day. The remaining patients continued on 40 mg a day until study completion.
Change in lipids, inflammatory markers, and plaque characteristics by treatment group
Atorvastatin significantly lowered oxLDL with a change in oxLDL of -14.9 U/l (95% CI -20.0 to -9.9) with atorvastatin vs. 4.2 U/l (95% -3.0 to 11.3) with placebo (P < 0.0001 for comparison of change between groups) ( Table 2) . This corresponds to a mean percentage change in oxLDL of -22.7% (95% CI -28.7 to -16.7) with treatment and 7.5% (95% CI -3.3 to 18.4) with placebo (P < 0.0001) ( Fig. 1 ). Atorvastatin also significantly decreased direct LDL (P < 0.0001), total cholesterol (P < 0.0001), and Lp-PLA 2 (P ¼ 0.005) ( Table 2 ). The atorvastatin group had significant reductions in noncalcified plaque volume (P ¼ 0.03), total plaque volume (P ¼ 0.02), positively remodeled plaque (P ¼ 0.04), and low attenuation plaque (P ¼ 0.03) compared with increases in the placebo group as previously reported [19] (Table 2) .
Relationships between plaque characteristics, lipids, and inflammatory markers
The change in oxLDL significantly correlated with changes in direct LDL (r ¼ 0.70, P < 0.0001), total cholesterol (r ¼ 0.64, P < 0.0001), and Lp-PLA 2 (r ¼ 0.34, P ¼ 0.04) but not sCD14, sCD163, HDL, nor triglycerides. Changes in oxLDL were also significantly related to changes in noncalcified plaque volume (r¼0.50, P ¼ 0.002), total plaque volume (r¼0.34, P ¼ 0.04), positively remodeled plaque (r¼0.34, P ¼ 0.047), and low attenuation plaque (r¼0.41, P ¼ 0.02) ( For interpretability, data presented as mean (SD) and mean (95% CI) despite being non-normally distributed but P value by nonparametric comparisons.
Effect of oxidized low-density lipoprotein on coronary atherosclerosis
We performed multivariate modeling to see if the relationship between changes in oxLDL and noncalcified plaque volume occurred independent of traditional CVD risk factors and HIV-specific factors. Change in oxLDL significantly associated with change in noncalcified plaque volume (P ¼ 0.02) after controlling for the baseline 10-year Framingham risk estimate, CD4 þ cell count, and log viral load (Table 4A ). In a second model that also included direct LDL, change in oxLDL significantly associated with change in noncalcified plaque volume (P ¼ 0.02) after controlling for baseline 10-year Framingham risk estimate, CD4 þ cell count, log viral load, and change in direct LDL (Table 4B ).
Respective partial relationships of oxidized lowdensity lipoprotein and low-density lipoprotein with noncalcified plaque volume
As biologically expected, collinearity existed between change in oxLDL and change in direct LDL. The standard error for change in oxLDL with change in noncalcified plaque volume was modified by 34% when change in
Oxidized low-density lipoprotein and plaque in HIV Nou et al. 587 Table 3 . Spearman correlations between change in plaque characteristics and change in lipids and inflammatory markers. direct LDL was introduced into the multivariate modeling. Thus, partial correlation coefficients were determined for both change in oxLDL and change in direct LDL in relation to change in noncalcified plaque volume. The partial correlation coefficient was considerably stronger for oxLDL than for direct LDL (r ¼ 0.40, P ¼ 0.02 vs. r ¼ -0.16, P ¼ 0.38, respectively).
Discussion
This study is the first prospective trial in any study population, HIV or non-HIV, to investigate the effects of statins on oxLDL in relationship to coronary plaque on cCTA among patients with subclinical coronary atherosclerotic disease. In our randomized, placebo-controlled trial in ART-treated HIV-infected patients, atorvastatin over 1 year significantly lowered circulating oxLDL concentrations. Furthermore, we show for the first time a significant relationship between reductions in oxLDL and improvement in high-risk coronary plaque features including noncalcified plaque volume, total plaque volume, low attenuation plaque, and positively remodeled plaque. Even after adjusting for the 10-year estimated Framingham risk, CD4 þ cell count, viral load, and direct LDL, the relationship between changes in oxLDL and noncalcified plaque volume remained significant. In addition, changes in serum oxLDL had a stronger relationship with noncalcified plaque volume than LDL, suggesting that oxLDL may be a more relevant biomarker to assess for efficacy or mechanistic insights into the effects of statins.
This study demonstrates the efficacy of statin therapy in lowering oxLDL levels in HIV-infected patients. The percentage change in oxLDL with atorvastatin 40 mg was -22.7% (95% CI -28.7 to -16.7) over 12 months. The magnitude of reduction appears to be generally similar to the reductions seen in the general population. In a randomized, placebo-controlled study of non-HIV patients with metabolic syndrome that used a similar oxLDL assay, atorvastatin 10 and 80 mg led to reductions of 24 and 39% in oxLDL, respectively, over 12 weeks from baseline oxLDL levels of 56 AE 19 U/l and 55 AE 22 U/l, respectively [17] . Baseline oxLDL concentrations in our study may be higher, suggesting the possible effect of HIV infection on raising oxLDL as consistent with prior reports [7, 8] . Further studies are needed to understand the mechanisms involved in elevated oxLDL levels in HIV. Moreover, even more potent statin treatments may lead to even greater reductions in oxLDL in HIV-infected patients in the future.
We report for the first time a significant relationship between changes in circulating oxLDL levels and coronary plaque on cCTA in ART-treated HIV-infected individuals receiving a statin. We previously showed that 12 months of atorvastatin treatment led to significant improvement in coronary atherosclerosis on cCTA in comparison to plaque progression in the placebo group [19] . Now, our current study shows that the effect of statins on reducing coronary plaque is strongly related to its effects on lowering oxLDL. In our study, the change in oxLDL significantly related to changes in noncalcified plaque volume, low attenuation plaque, and positively remodeled plaque. This finding is also supported by a cross-sectional study in the general population that showed patients with exclusively noncalcified plaque on cCTA had higher levels of serum oxLDL than those with calcified plaque despite lower cardiovascular risk factors [12] . These plaque characteristics measured by cCTA are clinically relevant in the general population as they have all been associated with unstable lesions [20] . In addition, HIV infection has been associated with accelerated development of noncalcified plaque, low attenuation plaque, and positively remodeled plaque [9] . Thus, our data suggest the importance of investigating oxLDL in the HIV-infected population, in whom unique mechanisms and progression to advanced atherogenesis have been identified.
Interestingly, the relationship between changes in oxLDL and coronary atherosclerosis was independent of LDL. Cross-sectional data from non-HIV cohorts also support this finding. For example, one study reported higher circulating oxLDL levels in patients with acute MI compared with those with stable angina or healthy controls whereas serum levels of HDL, triglycerides, and LDL did not differ between these groups [13] . Thus, our findings suggest that in HIV-infected patients, serum oxLDL may be a better marker than LDL of treatment response to statins in reducing vulnerable coronary lesions, which may help to prevent future incident MIs.
The data from this study suggest potential mechanistic insight into the effects of statins on CVD in patients with HIV. Indeed, the stronger relationship by partial correlations analysis between noncalcified plaque and oxLDL than LDL suggests that reductions in oxLDL may be another pathway through which statins exert antiinflammatory actions in HIV-infected individuals as oxLDL and noncalcified plaque have both been associated with statin-responsive markers of immune activation in patients with HIV. Rosuvastatin, for example, decreases sCD14 levels in HIV-infected patients [22] . Soluble CD14 is a marker of monocyte/macrophage activation that is elevated in patients with HIV and associated with circulating oxLDL levels, progression of subclinical atherosclerosis, and clinical CVD events [8, [23] [24] [25] [26] . Furthermore, statins have been shown to decrease tissue factor (TF) expression on monocytes in HIV-infected individuals [22] . In cross-sectional studies, oxLDL has been correlated with intermediate (CD14 þ CD16 þ ) monocytes expressing TF, and this expression profile is increased in HIV-infected individuals and non-HIV patients with acute coronary syndrome compared with healthy, uninfected controls [8, 27] . In addition, in an invitro experiment, oxLDL but not LDL stimulated an increase in intermediate monocytes including TF expression on this subset [8] . These data suggest that statins may mitigate oxLDL-mediated monocyte/macrophage activation, which in turn could improve CHD via this inflammatory pathway. Although we did not see a relationship between oxLDL and other markers of monocyte activation, including sCD14, further mechanistic studies relating change in oxLDL to specific monocyte subsets and markers of immune activation in HIV-infected patients are needed.
In this study, atorvastatin significantly lowered Lp-PLA 2 in addition to oxLDL. Moreover, the change in Lp-PLA 2 was also significantly associated with changes in noncalcified plaque volume, as well as total plaque volume and high-risk plaque features. One potential explanation for these results is that Lp-PLA 2 and oxLDL share a common biologic pathway. Indeed, the formation of oxidized phospholipids in LDL stimulates Lp-PLA 2 activity [34], which in turn hydrolyzes these oxidized phospholipids, resulting in metabolites such as lysophospholipids that are pro-inflammatory and pro-atherogenic [35] . These data further support the role of this pathway as a target through which statins could mediate cardioprotective effects, potentially modifying the inflammatory milieu within the arterial wall through reductions in oxLDL and Lp-PLA 2 .
Relatively few data are available on the clinical utility of reducing Lp-PLA 2 on cardiovascular events. Two clinical trials, STABILITY and SOLID-TIIMI 52, showed no reductions in primary CVD endpoints associated with darapladib, an Lp-PLA 2 inhibitor, in addition to standard therapy for non-HIV patients with stable CHD and recent acute coronary syndrome [28, 29] . The STABILITY trial though did show significant reductions in the rate of major coronary events and total coronary events, and in both trials, the vast majority of patients were already on statin therapy, which may have minimized the effects of darapladib. In fact, the LIPID study showed that in non-HIV patients with stable CHD randomized to pravastatin, changes in Lp-PLA 2 accounted for over half of the reduction in CHD death and nonfatal MIs [30] . Thus, the effect of reducing oxLDL and Lp-PLA 2 with statin therapy on primary prevention of CHD in patients with HIV remains unknown and an area for future investigation.
There are limitations to our study. First, due to limitations in sample size, we were not able to adequately determine relationships between changes in monocyte/macrophage activation and changes in oxLDL. Future studies will be needed to determine whether reductions in oxLDL directly affect monocyte/macrophage activation and the potential mechanisms thereof. In addition, future studies are needed to determine the clinical relevance of our findings for both oxidized LDL and changes in coronary plaque measurements with respect to clinical cardiovascular events in HIV-infected patients.
These data from a randomized, placebo-controlled study with well phenotyped patients assessed for sensitive indices of coronary plaque and high-risk plaque morphology add new information to the field. Our findings show that statin therapy can decrease oxLDL levels in patients with HIV and changes in oxLDL in response to statins relate strongly to changes in coronary plaque in HIV-infected patients, even more strongly than changes in LDL. The relationship of oxLDL to changes in specific vascular inflammatory markers such as Lp-PLA 2 and to high-risk plaque features suggest that statins may exert cardioprotective benefits partly as a result of lowering oxLDL and its effects on downstream inflammatory pathways in HIV. Future therapeutic strategies to reduce oxLDL may provide important benefits in treating and preventing coronary artery disease in the HIVinfected patient population.
